Introduction {#sec1}
============

The modification of surfaces with biofunctional molecules, enzymes, and antibodies has various applications, such as the preparation of biomaterials and biosensors.^[@ref1]−[@ref6]^ The surface of materials modified with biofunctional molecules can act as a reaction field for enzymatic reactions and molecular recognition. Crucially, the design of the molecular layer on the material surface greatly affects the material characteristics. To date, numerous studies into the immobilization of biomolecules on surfaces have been carried out, and new methods for surface modification have been proposed.^[@ref7]−[@ref10]^ By exploiting this technology, a range of novel devices and materials have been developed.^[@ref11],[@ref12]^

The structure of an adsorbed or immobilized biomolecule changes because of the interactions with the material surface, which can impair biomolecule function.^[@ref13]^ Even if a biomolecule has good activity, its performance in a composite material cannot be guaranteed after immobilization on the material surface. However, a new material, TEMPO-oxidized cellulose nanofibers (TOCNs), shows promise for the immobilization of molecules without loss of activity.^[@ref14]^ Thus, in this study, we investigated the use of TOCN as a substrate material for the adsorption of biomolecules. TOCN is an ultrafine fiber in which the hydroxy groups on the surface of the microfibrils are converted into carboxylic acid groups by oxidation with 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO). The oxidation results in the disintegration of the fibrils by electrostatic repulsion and yields negatively charged TOCNs.^[@ref15]−[@ref18]^ These fibers are thin, measuring approximately 4 nm, and have excellent physical properties, for example, excellent thermal stability and strength.^[@ref19]^ Currently, there is interest in exploiting the excellent properties of TOCN in various fields. For example, TOCN can be used to form nanocomposite materials with plastics^[@ref19]^ and modify heavy metal ion adsorbents chemically^[@ref20],[@ref21]^ as well as for drug delivery, bioimaging, and other biomedical applications.^[@ref22],[@ref23]^

In this study, we focused on the fact that TOCNs are very thin (4 nm), their surface is negatively charged, and they have a large specific surface area. These properties suggest that TOCN could be a suitable material for the adsorption of biomolecules while retaining the biomolecular structure, which is crucial for retaining activity, after adsorption. Previous studies have reported the use of nanosized immobilization materials as materials for retaining the structures of immobilized biomolecules. Interestingly, it has been reported that the structure and activity of biomolecules can vary with the size of the nanoparticles. This is because smaller particles have a smaller contact area with the protein and, thus, fewer interactions.^[@ref24],[@ref25]^ Consequently, the fine TOCNs can be expected to retain the structure of adsorbed proteins,^[@ref14]^ as also observed for 15 nm silica nanoparticles.

Previously, we studied the interactions between TOCN and proteins by adsorbing proteins having different surface charges, including lysozyme and bovine serum albumin, to TOCN. The results showed that the positively charged proteins were adsorbed by electrostatic interactions with the negatively charged TOCNs.^[@ref14]^ Crucially, the proteins that were adsorbed on the TOCN retained their secondary structures. However, the activities of the biomolecules adsorbed on the TOCN surface were not determined. Therefore, in this study, the enzyme pyrroloquinoline quinone-dependent glucose dehydrogenase (PQQ-GDH) was immobilized on TOCN to investigate the effect of immobilization on the function and activity of the adsorbed biomolecules. PQQ-GDH is widely used as an anode component for glucose sensors and bio-based batteries.^[@ref26]^ In this study, the structure of PQQ-GDH after immobilization was observed by transmission electron microscopy (TEM), and the structure and activity after adsorption were evaluated spectroscopically and using dichlorophenolindophenol (DCIP), respectively. This allowed us to determine whether TOCN is a suitable material for biomolecule immobilization.

Results and Discussion {#sec2}
======================

PQQ-GDH Adsorption on the TOCN Surface {#sec2.1}
--------------------------------------

PQQ-GDH adsorption experiments were performed using TOCN concentrations of 0.18--0.0036 wt %. When the concentration of TOCN was 0.18--0.018 wt %, 94% or more of the PQQ-GDH (0.1 mg) in the solution was adsorbed on the TOCN ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). At a TOCN concentration of 0.0072 wt % or less, the adsorption rate decreased because there was no space on the TOCN surface for PQQ-GDH adsorption, and the concentration of nonadsorbed PQQ-GDH increased. The TOCN adsorption capacity of 0.018 wt % TOCN was 1.85 mg of PQQ-GDH per mg. To date, reported protein adsorption capacities have been less than or equal to 1 mg of protein/mg of adsorbent, and even PVAc-DVB particles, which have a high adsorption capacities, have an adsorption capacity of only 1.4 mg of protein/mg of adsorbent.^[@ref28]−[@ref30]^ Therefore, the values obtained for TOCN indicate that it has a high adsorption capacity, which is consistent with its large specific surface area. Further, protein adsorption occurs within 3 h, the protein being quickly adsorbed on the surface of the TOCNs dispersed in water. Subsequent experiments were carried out at concentrations of 0.18--0.018 wt % TOCN, and almost no unadsorbed protein was present.

![Adsorption efficiency of PQQ-GDH at different TOCN concentrations.](ao0c01948_0001){#fig1}

TEM Observation {#sec2.2}
---------------

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows a representative TEM image, revealing that the average fiber diameter equaled 5.5 ± 1.5 nm (*n* = 50). Cellulose microfibrils are known to have diameters of 3--4 nm, and TOCNs were therefore concluded to comprise one or two cellulose microfibrils. The adsorption state of PQQ-GDH on the TOCN surface was observed by TEM ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Particles of approximately 10 nm were observed on the surfaces of TOCNs. Meanwhile, in TEM images of TOCNs without PQQ-GDH, no particles were observed on the fiber surfaces ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), indicating that the particles in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b are PQQ-GDH. Furthermore, the particle size is almost the same as the previously reported size of the PQQ-GDH enzyme, further confirming that the particles were PQQ-GDH. From the above results, it was confirmed by TEM that PQQ-GDH was adsorbed on the TOCN surface.

![(a, b) Transmission microscopy analysis of (a) TOCNs and (b) PQQ-GDH adsorbed onto TOCNs. The arrows indicate PQQ-GDH.](ao0c01948_0002){#fig2}

Secondary Structure Analysis by CD Spectroscopy {#sec2.3}
-----------------------------------------------

The secondary structure of PQQ-GDH adsorbed on the TOCN surface was evaluated by CD spectroscopy ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The spectrum of the adsorbed PQQ-GDH was almost the same as that before adsorption, suggesting that the structural changes induced by adsorption were small. Because of the very small diameter of TOCN (5 nm), the protein--TOCN contact area is expected to be very small, thus facilitating the retention of the native structure of the protein. However, changes in the α-helix content on adsorption have been observed for other proteins. Nevertheless, when the α-helix ratio was calculated, we found that it was not affected by adsorption significantly ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

![CD spectra of PQQ-GDH adsorbed onto TOCN at different TOCN concentrations.](ao0c01948_0003){#fig3}

###### α-Helix Contents of PQQ-GDH Adsorbed onto TOCN at Various TOCN Concentrations

  TOCN concentration (wt %)   nonadsorbed   0.018   0.045   0.18
  --------------------------- ------------- ------- ------- ------
  α-helix (%)                 49.4          49.7    46.5    53.6

Despite the small differences, the α-helix ratio was most like that of the unadsorbed PQQ-GDH structure at low TOCN concentrations. Thus, higher concentrations of TOCN in the solution may increase the number of TOCNs in contact with PQQ-GDH, thus increasing the protein--TOCN interactions and increasing the degree of structural change slightly.

Enzyme Activity {#sec2.4}
---------------

Adsorption experiments were carried out at pH 5 at TOCN concentrations of 0.045 and 0.018 wt %. Under these conditions, the structure of PQQ-GDH was retained when it was adsorbed on the TOCN surface. When the activity was evaluated immediately after adsorption, the PQQ-GDH activity adsorbed on 0.045 wt % TOCN was 110%, and the PQQ-GDH activity adsorbed on 0.018 wt % TOCN was 100% as the free PQQ-GDH activity was 100%. Therefore, the adsorbed PQQ-GDH showed almost the same activity as free PQQ-GDH ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). In case of the PQQ-GDH, activity adsorbed on 0.045 wt % TOCN was increased by 10%. More quantitative evaluations are needed to elucidate the mechanisms of this phenomenon. Combining this result with the information from the CD spectra, we determined that the enzyme activity was maintained because the three-dimensional structure was stable even when PQQ-GDH was adsorbed on the TOCN surface.

![Activity of PQQ-GDH adsorbed onto TOCN at different TOCN concentrations.](ao0c01948_0004){#fig4}

Long-Term Stability {#sec2.5}
-------------------

To examine the change over time in the PQQ-GDH activity of the samples, the activity of the adsorbed PQQ-GDH was measured every day for 4 days and again after a week after the initial adsorption experiment ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The activity immediately after the adsorption was defined as 100%, and the change in activity with time was evaluated. The adsorbed PQQ-GDH showed higher activity for longer periods than the free PQQ-GDH.

![Long-term activity of PQQ-GDH adsorbed onto TOCN at different TOCN concentrations.](ao0c01948_0005){#fig5}

Thus, the activity of the enzyme immobilized on the material surface was maintained, as has been observed for other immobilized enzymes.^[@ref31]−[@ref34]^ In particular, because the structure and activity of PQQ-GDH adsorbed on TOCN were maintained for long periods, TOCN is a promising adsorbent for enhancing and maintaining the activity of other enzymes.

Conclusions {#sec3}
===========

In this study, we clarified the characteristics of a composite material comprising PQQ-GDH adsorbed on TOCN obtained by the TEMPO oxidation of bleached kraft pulp. The enzyme was adsorbed to the surfaces of the TOCNs by electrostatic interactions arising from the negatively charged carboxylate groups on the TOCN surface and the positive charges on the PQQ-GDH surface. In addition, TOCN has an enormous surface area because of its ultrafine fibers having a diameter of 4 nm or less. The TOCN adsorbent was able to adsorb 1.85 mg of PQQ-GDH/mg of adsorbent and had a higher adsorption capacity than other nanomaterials. The state of adsorption was observed by TEM to confirm the immobilization of the enzyme. On the basis of CD spectrum analysis, the adsorbed PQQ-GDH retained its secondary structure even after immobilization. In addition, the effect of the TOCN concentration on the immobilized PQQ-GDH structure was clarified. Furthermore, PQQ-GDH adsorbed on TOCN showed higher activity than before adsorption. In addition, it was found that the high activity was maintained for a long period. These results indicate that TOCN is a promising biomolecular adsorbent.

Experimental Section {#sec4}
====================

Materials and Sample Preparation {#sec4.1}
--------------------------------

TOCN was obtained by the oxidation of bleached kraft pulp with TEMPO, and the TOCNs were as thin as 4 nm and had a very high specific surface area, as reported previously and shown by TEM image analysis (vide infra). Furthermore, TOCN has a high density of carboxylic acid groups on the surface, as reported previously.^[@ref14]^ TOCN gel (2 wt %; RHEOCRYSTA I-2 SP; DKS Co., Ltd.) was diluted with ultrapure water to afford TOCN solutions of various concentrations. The solutions were ultrasonicated at 28 kHz for 2 h (W-113, Honda) to yield fiber dispersions. Britton--Robinson buffer solutions (40 mM; pH 3, 4, 5, 7.4, and 11) were prepared by the dropwise addition of 200 mM NaOH to CH~3~COOH/H~3~PO~4~/H~3~BO~3~ (40 mM each) solutions. Fluorescent dye-labeled analogues were prepared to determine the amount of protein (PQQ-GDH) adsorbed on the TOCN. Fluorescein (FITC)-labeled PQQ-GDH (FITC-GDH) was prepared by coupling fluorescein isothiocyanate (FITC-I; Dojindo) with PQQ-GDH from microorganism (Toyobo). Solutions of FITC-labeled and regular proteins (0.1 mg/mL) were prepared by dissolving these proteins in 40 mM Britton--Robinson buffer.

Adsorption of PQQ-GDH on the TOCN Surface {#sec4.2}
-----------------------------------------

The 2 wt % TOCN gel was diluted with ultrapure water to prepare 0.18--0.0036 wt % TOCN solutions. Then, 28 kHz ultrasonication for 2 h was used to disperse the TOCN. PQQ-GDH was dissolved in 40 mM pH 5 Britton--Robinson buffer and adjusted to 0.1 or 0.001 mg/mL. Then, 1 mL of the prepared PQQ-GDH solution and 300 μL of the TOCN solution were mixed and allowed to stand at room temperature for 2 h to allow the adsorption of PQQ-GDH on the surface of the TOCN.

Evaluation of PQQ-GDH Activity {#sec4.3}
------------------------------

To examine the enzyme activity of PQQ-GDH adsorbed on the TOCN surface, a 0.1 mg/mL PQQ-GDH solution was dropped into a cell containing DCIP and 0.1 M glucose. When PQQ-GDH oxidizes glucose, the released electron reduces DCIP, which is blue, and the solution becomes colorless. At this time, the change in the absorbance (450 nm) was measured for 60 s to determine the activity.

Measurement of the Rate of Adsorption of PQQ-GDH on TOCN {#sec4.4}
--------------------------------------------------------

Adsorption experiments were performed by mixing a 0.1 mg/mL PQQ-GDH solution and a 0.18--0.0036 wt % TOCN solution. The mixed solution of TOCN + PQQ-GDH was centrifuged at 9000*g* for 10 min to precipitate PQQ-GDH adsorbed on the TOCN. The activity of the unabsorbed PQQ-GDH remaining in the supernatant was measured in the same manner as described in the previous section. The adsorption rate of PQQ-GDH was calculated using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}

Here, *C*~a~ is the PQQ-GDH activity without TOCN and *C*~b~ is the activity of unadsorbed PQQ-GDH after centrifugation.

TEM Observation of PQQ-GDH on TOCN {#sec4.5}
----------------------------------

TEM observation of the modified TOCN was carried out with samples treated by negative staining using phosphotungstic acid (FUJIFILM Wako Pure Chemical Corporation). A plasma-treated hydrophilized mesh (Nisshin EM Co., Ltd.) was sequentially treated with TOCN solution (added dropwise; 5 μL, 0.018 wt %) and phosphotungstic acid (5 μL, 0.5%) as a negative staining agent. Excess moisture was removed using a filter paper, and the mesh was thoroughly dried. TEM images of the negatively stained TOCN samples were obtained using an H-7650 TEM (Hitachi; acceleration voltage = 80 kV; magnification = 60,000×), and the individual fiber diameters were measured using ImageJ.

Secondary Structure Analysis of PQQ-GDH Adsorbed on TOCN {#sec4.6}
--------------------------------------------------------

Circular dichroism (CD) spectra of pristine PQQ-GDH and that adsorbed onto TOCN (at TOCN concentrations of 0.02 and 0.0016 wt %) were recorded at pH 4 using a CD spectrometer (J-765, Jasco). All measurements were carried out at a scanning speed of 100 nm/min and a loading number of 3. The α-helix, a secondary protein structure, is known to exhibit a negative dichroic peak at 222 nm, and the relative content of α-helices was calculated based on the ellipticity of the obtained CD spectra at 222 nm, as shown in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}([@ref27])

Here, θ is the ellipticity (mdeg) at 222 nm, *r* is the number of amino acid residues in the protein, *l* is the cell length (0.1 cm), and \[protein\] is the protein concentration (M).

Evaluation of the Long-Term Stability of PQQ-GDH {#sec4.7}
------------------------------------------------

For these experiments, 0.045 wt % TOCN + PQQ-GDH, 0.018 wt % TOCN + PQQ-GDH, and free PQQ-GDH were stored at 4 °C. The activities of these samples were measured every other day, and the changes in the activities with time were evaluated.
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